Ear development requires interactions of transcription factors for proliferation and differentiation. The proto-oncogene N-Myc is a member of the Myc family that regulates proliferation. To investigate the function of N-Myc, we conditionally knocked out N-Myc in the ear using Tg(Pax2-Cre) and Foxg1
INTRODUCTION
During ear development, the flat otic ectoderm undergoes proliferation and a complex morphogenesis to form a three-dimensional (3D) inner ear. Proliferating precursors give rise to neurosensory (hair cells, neurons, and supporting cells) and non-sensory cells. The five resulting vestibular epithelia allow sensation of angular acceleration as well as gravistatic and other linear acceleration forces while the organ of Corti is responsible for the perception of sound. The adult mammalian auditory and vestibular systems are apparently incapable of continued proliferation or replacement of lost cells. Thus, loss of hair cells in the cochlea renders an individual irreversibly deaf. Cochlear implants are the only current option for neurosensory hearing loss. However, gene therapy promises eventual long-term treatment and a possible cure through reconstitution of lost hair cells, preferentially in vivo Brigande and Heller, 2009; Kesser and Lalwani, 2009; Groves, 2010; Oshima et al., 2010) . Ultimately, hair cell restoration will depend on reactivating proliferation and re-specification of postmitotic cells into hair cells in the correct topology of the organ of Corti .
Past research has predominantly focused on cell specification; here we will discuss a new approach to regulate proliferation of neurosensory precursor cells. Hair cell formation depends on proliferation of variably committed pro-sensory progenitor cell populations with differentiation following terminal mitosis. In the cochlea, hair cell precursors permanently exit the cell cycle beginning at embryonic day 12.5 (E12.5) in the apex and ending at E14.5 in the base (Ruben, 1967; Matei et al., 2005) , with prohibition of further proliferation driven by a wave of cell cycle inhibitors including p27 kip1 (Lee et al., 2006) . A well-characterized bHLH transcription factor, Atoh1 is necessary to differentiate hair cells (Bermingham et al., 1999; Dabdoub et al., 2008; Roybon et al., 2009; Fritzsch et al., 2010; Jahan et al., 2010) . Subsequent DELTA/NOTCH signaling stabilizes the cell fate of supporting cells (Brooker et al., 2006; Kiernan et al., 2006) . This wave of differentiation occurs from the middle-base portion of the cochlea and is driven bi-directionally (Chen et al., 2002) such that cells at the apex are quiescent for the longest period of time and differentiate last . If proliferation is curtailed due to the removal of a proto-oncogene such as Foxg1 (Pauley et al., 2006) , an unusual morphology of cells and sensory epithelia will develop with a truncated cochlea with up to 16 rows of hair cells. This timing and correct quantification is a direct result of cell cycle regulation through the tumor suppressor retinoblastoma (pRB) and proto-oncogene E2F interaction (Rocha-Sanchez and Beisel, 2007) , which can be manipulated to result in extra rows of hair cells and supporting cells (Mantela et al., 2005) . Regulation of the tumor suppressor pRB is extensive due to its importance in controlling the cell cycle during normal growth and tumorigenesis.
Among the factors affecting pRB function is the proto-oncogene family of three bHLH genes, the Myc family (Lasorella et al., 2000 (Lasorella et al., , 2002 Knoepfler and Kenney, 2006; Eilers and Eisenman, 2008; Ruggero, 2009; Modak and Cheung, 2010; Mott et al., 2010) . The highly conserved Myc family, C-Myc, L-Myc, and N-Myc (Srivastava et al., 2010) , can directly alter the phosphorylation state of pRB and thus regulate the cell cycle. MYCs form heterodimers with MAX to regulate downstream effectors (Foley and Eisenman, 1999; Hurlin et al., 1999; Shen-Li et al., 2000; Hurlin, 2005; Perini et al., 2005; Walker et al., 2005;  Indicates area of Pax2 expression. *Two-tailed Student's t-Test. Fig. 1 . N-Myc controls growth of the inner ear. N-Myc CKO reduces the gross size of the inner ear. Pax2-Cre (A) and Foxg1-Cre (A 0 ) are expressed in the ear where we have focused our analysis. Pax2 is expressed in other structures and CKOs of N-Myc have reduced size, including the cerebellum (B) and kidney (C). N-Myc CKO does not affect the heart (D) or forebrain (E). Foxg1 is expressed in the forebrain and CKOs of NMyc show a reduction in size (not shown). While overall body size in the CKO is reduced (Table 1) , this minimal reduction is not seen in individual organs (unaffected heart and forebrain), and pales in comparison to Cre-expressing regions (Table 1) . 3D reconstructions are performed by manually segmenting a collected stack of images acquired through TSLIM. The Pax2-Cre N-Myc CKO displays abnormalities throughout the inner ear, the organ of Corti (F, F 0 ), Rosenthal's canal (shown in yellow in G, G 0 ), which houses the spiral ganglion neurons, and basilar membrane (H, H 0 ), including a reduction in volume, a shortened cochlea, and a circularized apex. After 3D reconstructions, quantification showed a reduction in length and volume of the inner ear and is summarized in Table 1 . Side by side comparisons of WT and CKO illustrate the abnormal morphology and quantitative differences (I, I 0 ). Note that due to the abnormality in the apex of the CKO compared to WT, a helicotrema could not be defined. Furthermore, there is no distinction between the scala vestibuli and scala tympani at the most apical tip. An arbitrary, yet consistent, demarcation is used. This may help account for differences in the scala vestibuli and scala tympani volumes not otherwise noted. FG1 CKO ¼ Foxg1-Cre N-Myc f/f, Pax2 CKO ¼ Pax2-Cre N-Myc f/f. Scale Bars: A-E ¼ 1 mm, F-I 0 ¼ 100 mm. Hooker and Hurlin, 2006 ) by binding to E-boxes in the promoter region of a gene (Grandori et al., 2000; Perini et al., 2005; Lebel et al., 2007) . MYC is competitively repressed by MNT-MAX (Walker et al., 2005; Dezfouli et al., 2006; Hooker and Hurlin, 2006) , MGA-MAX (Hurlin et al., 1999; Hurlin and Huang, 2006) , and MAD-MAX (MAD1, MXI1, MAD3, MAD4; related to the MXD1-4 family) (Foley and Eisenman, 1999; Shen-Li et al., 2000; Hooker and Hurlin, 2006; Hurlin and Huang, 2006) . MYCS regulate the cell cycle through their interaction with Inhibitors of Differentiation and DNA binding (IDs), through Eproteins (Lasorella et al., 2000 (Lasorella et al., , 2002 Sikder et al., 2003; Rothschild et al., 2006) or through MAX-independent mechanisms such as the MYC-GROU-CHO/TLE complex (Orian et al., 2007; Jennings and Ish-Horowicz, 2008) . IDs are thought to regulate Atoh1 during hair cell development and support the NOTCH1 pathway to form supporting cells (Jones et al., 2006) . MYCs have been shown to positively regulate a number of downstream effectors including CYCLIND2 (Bouchard et al., 1999; Knoepfler et al., 2002; Eilers and Eisenman, 2008) , CYCLINE (Knoepfler et al., 2002) , cyclin-dependent kinase CDK4 (Hermeking et al., 2000) , or negatively regulate genes that stimulate proliferation such as CDKIs (Gartel et al., 2001; Staller et al., 2001; Eilers and Eisenman, 2008) , some of which have been shown to be important in ear development (Laine et al., 2007) . Some microRNAs, controlled by MYC, deplete E2Fs, thus regulating the cell cycle (Aguda et al., 2008; Mott et al., 2010) . Aside from intracellular regulation, activation of Myc is downstream of Shh (Knoepfler and Kenney, 2006) , the Wnt downstream effector b-CATENIN (Shu et al., 2005; De Langhe et al., 2008; Kuwahara et al., 2010) , Fgf10 (Taniguchi et al., 2003; De Langhe et al., 2008) , Tgf-b/SMAD (Seoane et al., , 2004 , and Foxg1/FoxGO (Seoane et al., 2004) . As such, MYC is a nodal point in a complex regulatory network ultimately controlling the cell cycle and proliferation. Therefore, understanding the function of N-Myc is pivotal to understanding the balance between proliferation, differentiation, and morphogenesis during development of the ear. In this report, we describe for the first time the defects in the developing ear caused by the absence of one of the three Myc family members: N-Myc. Our data shows that N-Myc has an important role in ear proliferation and differentiation.
RESULTS

Loss of N-Myc Stunts Overall Ear Growth
The loss of N-Myc resulted in a dramatic reduction in ear size disproportionate to the overall growth of the animal ( Fig. 1A and 1A 0 , Table 1 ). Other tissues expressing Pax2, including the cerebellum (Fig. 1B) and kidney ( Fig.  1C) , were significantly reduced in size (Table 1 , N ¼ 6; P < 0.01). Body height, width, and the size of organs not expressing Pax2 such as the heart (Fig.  1D ) and the brain (Fig. 1E ) tended to be smaller (Table1) but did not reach our criteria for statistical significance (N ¼ 6; P > 0.01). While the CKOs were often the smallest in their litters, this decrease in overall size was not proportional to the decrease in size of the Cre recombining regions (Table 1) . Thus, the reductions in ear, cerebellum, kidney, and forebrain size (Foxg1-Cre N-Myc CKO) were a direct result of the loss of N-Myc.
In addition, these size truncations were compounded by both abnormal histogenesis and altered morphogenesis. We define histogenesis as the differentiation of sensory cells from precursor populations within a sensory epithelium and morphogenesis as the acquisition of the 3D structure of the ear as a whole. 3D reconstructions have allowed for qualification of these defects as well as quantification of the size reduction (Table 1) . Instead of more than two turns of a tightly coiled cochlea, CKOs failed to complete a single complete turn ( Fig. 1F and F 0 ) and displayed an abnormal organ of Corti with a shortened and circularized apex ( Fig. 1F and 1F 0 ). The basilar membrane of a 6-week-old N-Myc CKO ( Fig. 1H and H 0 ) was less than half the length of the WT littermate (Table 1 ). Rosenthal's canal, which contains spiral ganglion neurons, was also reduced (Fig. 1G and G 0 ). The volume of Rosenthal's canal and the basilar membrane was reduced by over 60% compared to the control littermate (Table 1 ). The scala tympani showed a 60% volume reduction while the scalae vestibuli and media were reduced by nearly 80%. TSLIM enabled visualization of some or all portions of the inner ear to provide comparison of WT and N-Myc CKO ( Fig. 1I and I 0 ) and showed not only the abnormal morphological development but also the magnitude of size reduction (Table 1 ). These effects may reflect changes in proliferation as previously suggested in a different mouse model (Pauley et al., 2006) .
N-Myc CKOs Show a Reduction of EdU-Positive Cells in a Shortened Cochlea
5-ethynyl-2
0 -deoxyuridine (EdU) incorporates stably into DNA during the S-phase of the cell cycle (DiermeierDaucher and Brockhoff, 2010) allowing direct assessment of proliferation. Following injection, EdU will be incorporated during a 2-hr time frame until it is metabolized. We injected pregnant dams at E12.5 and collected three WT and three N-Myc CKO mutant pups at E14.5. We imaged and counted the number of cells, which incorporated EdU in both our control ( Fig. 2A) and CKO (Fig. 2C) . Six regions from the base ( Fig. 2A 0 ) and apex ( Fig. 2A  00 ) of the control were matched with similar regions from the CKO (Fig. 2C 0 and C 00 ). The CKO had a statistically significant lower total number of EdU--positive cells (202 6 16 vs. 402 6 200; P ¼ 0.007). (EdU-positive cells were manually counted if they were present above a set threshold; criteria remained the same throughout all counts.)
Since much of the ear is proliferating at E12.5, EdU will be incorporated into the DNA of those proliferating cells. However, upon completion of each subsequent cell cycle, the EdU is diluted by a factor of two; eventually cells that continue proliferation will no longer contain detectable levels of EdU. Cells that exited the cell cycle shortly after administration of EdU or cells that are slowly dividing (and have not been fully diluted out) are detectable ( Fig. 2A and C) . Thus, cells positive for EdU after 2 days had either exited the cell cycle shortly after EdU administration or had a longer cell cycle. Assuming a cell cycle length of 8 hr, six additional divisions would reduce the EdU labeling from 100% to 1.6%, most likely below the detection threshold . Shorter cell cycles will reduce EdU concentration even further over the same period. Cells in the apex undergo terminal mitosis around E12.5 (Ruben, 1967; Matei et al., 2005; Lee et al., 2006) . Therefore, most apical cells maintain high levels of EdU expression in the organ of Corti as they have stopped proliferating while cells more basal lose their EdU ( Fig. 2B and D) as previously described .
We also measured the length of the cochlear duct of one N-Myc CKO mutant and one WT prepared to avoid undue stretching. The length from the apex to the base in the E14.5 WT was 578 mm while the length in the E14.5 N-Myc CKO was 325 mm (N ¼ 1). This reduction in size of the cochlear duct (325/578 mm ¼ 0.56) is similar to the size reductions we see in the ear as a whole and through TSLIM in adult ears, suggesting that reduction of cochlear duct growth is happening at early developmental stages. Using all the same settings to compare the two, the apical EdU was maintained for 172 mm in the control (172/578 mm ¼ 0.30) (Fig. 2B and B 0 ) and 96 mm in the mutant (96/325 mm ¼ 0.30) ( Fig.  2D and D 0 ). Our data support the idea that lack of N-Myc reduces the number of EdU-positive cells proportional to the shrinking of the cochlea. Furthermore, we confirm that the apex-tobase entry into terminal mitosis is consistent between control and N-Myc CKO. To our knowledge, this is the first time that such a correlation has been shown directly in the many mutants with a shortened cochlear duct; suggestions of the importance of proliferation for cochlear duct elongation have been raised before (Grimsley-Myers et al., 2009 Our adult data suggest that the gross sizes of Cre-expressing regions are significantly decreased in N-Myc CKO mice ( Fig. 1 and Table 1 ). We also have seen that the reduction of NMyc leads to an early reduction in size and total number of cells exiting the cell cycle (Fig. 2) . In order to quantify the effect of N-Myc on the number of hair cells, we imaged twelve ears and manually counted MYO7A-positive hair cells at P0 ( Table 2 ). The length (4.97 6 0.36 mm vs. 1.73 6 0.38 mm, P ¼ 3.02 Â 10
À8
) and number of hair cells (2,760 6 186 vs. 1,261 6 398, P ¼ 6.46 Â 10 À5 ) in the cochlea were significantly reduced. There was no statistically significant difference in the number of hair cells in the canal cristae.
N-Myc CKO Disrupts Proper Adult Histogenesis
We next investigated overall histologic effects through plastic sectioning of the adult organ of Corti. The WT cochlea had a readily identifiable histology of one row of inner hair cells plus three rows of outer hair cells with an overlying tectorial membrane and was sitting on a basilar membrane (Fig. 3A) . The inner and outer pillar cells forming the tunnel of Corti above the basilar membrane were very conspicuous. In contrast, the CKO cochlea illustrated considerable disruption to both hair cells, supporting cells, and surrounding structures compared to WT in the middle turn ( Fig. 3A and A 0 ), base ( Fig. 3B ) and most notably in the apex (Fig. 3C and D) . No hair cells could be identified in any section of the adult mutant cochlea. The pillar cells and surrounding structures of spiral limbus, spiral sulcus, basilar membrane, and tectorial membrane were vaguely identifiable in the middle turn of the cochlea but were not oriented properly (Fig. 3A 0 ). A greater reduction in identifiable structures at the base was noted with only a possible tectorial membrane, pillar cells, and tunnel of Corti (Fig.  3B ). Histologic disruption was greatest at the apex where no organ of Corti or pillar cells were discernable (Fig. 3C ). Higher magnification of a potential basilar membrane-like structure showed pillar-like cells but with no definitive cellular characterization possible (Fig. 3D) . Importantly, hair cells in the horizontal canal crista were easily identifiable and appeared normal, despite the absence of a canal (Fig. 3E ). Our hair cell quantification data of MYO7A hair cells supports these conclusions (Table 2) .
Using TSLIM imaging, it was possible to produce well-registered serial cross-sections of the whole inner ear without disruption due to embedding and sectioning. This not only provided for more accurate data analysis as compression stresses were not a factor, but allowed for a wider field of view of the specimen at high resolution. Comparing 6-week N-Myc CKO with a WT littermate showed the truncation of the cochlea ( Fig. 3F and G) as well as the fusion of the utricle, saccule, and cochlea (data not shown). It also showed the increased disorganization of the organ of Corti near the apex and base compared to the middle turn consistent with plastic sections. The CKO apex did not contain a helicotrema (Fig. 3F 0 and G 0 ) where the scala vestibuli becomes confluent with the scala tympani at the tip of the scala media. Instead, the scala tympani wrapped around the distorted tip of the scala media (Fig. 3G 0 ). Additionally, high-power images highlighted the disrupted histology of the organ of Corti in the N-Myc CKO (Fig.  3F 00 and G 00 ) similar to serial cross-sections (Fig. 3B ). Individual hair cells and a properly formed organ of Corti were present in the WT middle turn but were disrupted in the middle turn of CKO (Fig. 3F 000 and G 000 ). In summary, absence of N-Myc resulted in a truncated cochlea and disorganized organ of Corti with abnormalities greatest at the apex and the base.
Absence of N-Myc Alters Neural Growth
The inner ear is densely innervated and highly patterned (Fig. 4A ). Efferent neurons project from the hindbrain (rhombomere 4) to the inner ear (Fritzsch and Nichols, 1993) while afferents of the cochlea originate from the spiral ganglion project to the cochlear nucleus (Rubel and Fritzsch, 2002) and afferents from the vestibular system originate from both the inferior and superior vestibular ganglia and project to the vestibular nuclei and the cerebellum (Maklad et al., 2010) . The fibers from the inferior vestibular ganglion innervate the saccule and posterior canal crista while the superior vestibular ganglion neurons innervate the utricle, anterior canal crista, and horizontal canal crista (Maklad and Fritzsch, 2003) (Fig. 4A 0 ). N-Myc CKOs showed abnormal innervation patterns (Fig. 4A 00 and B) in all mutants analyzed for innervation defects (N ¼ 5), regardless of age. Dye tracing suggested that vestibular fibers not only innervated vestibular epithelia, but also the base of the cochlea. Cochlear fibers innervated not only the cochlea but also the saccule (Fig. 4B) . Furthermore, innervation defects were seen in the apex where fibers appeared disorganized and sparse ( Fig. 4B and E) compared to a WT littermate (Fig. 4A ). An ectopic patch of MYO7A ( Fig. 4B 0 inset) staining cells near the base of the cochlea were innervated by fibers originating in the vestibular ganglion ( Fig. 4B and B 0 ). Osmium tetroxide staining of myelinated nerve fibers confirmed this finding for adults (data not shown). Furthermore, the posterior canal lacked innervation entirely in both Pax2-Cre CKO (Fig. 4C,D) and Foxg1-Cre CKO (Fig. 4D 0 ). The lack of innervation was unrelated to the presence of a canal as the Pax2-Cre CKO and Foxg1-Cre CKO have innervations to the horizontal and anterior canal cristae despite the absence of either the horizontal canal only or horizontal and anterior canals, respectively ( Fig. 4D and D 0 ). Dual labeling of cochlear and vestibular fibers (Fig. 4F ) with vestibular fibers only (Fig. 4F 0 ) showed cochlear innervations in the saccule and vestibular fibers in the base of the cochlea (Fig. 4F 00 ). In summary, N-Myc CKOs had cross-innervations of vestibular and cochlear fibers, lacked innervations to the posterior canal, innervated an ectopic patch of hair cells near the base of the cochlea, and had sparse and disorganized innervations at the apex ( Fig.  4A 0 and A 00 ).
N-Myc Loss Affects Morphogenesis of the Ear
N-Myc CKOs had a number of morphogenetic defects including a failure of sensory epithelia to segregate, a circularized apex with up to twenty rows of hair cells, and the lack of formation of one or more semicircular canals. The inner ear consists of six distinct sensory epithelia, an organ of Corti and five vestibular epithelia including the three canal cristae, the utricle, and the saccule. Importantly, the utricle, saccule, and cochlea are segregated by non-sensory areas. The ductus reuniens starts to form at E13.5 to separate the organ of Corti from the saccule to form two distinct endorgans ( Fig. 5A and C) . Because the organ of Corti and saccule perform distinct functions (vertical linear movement sensation vs. hearing), this sensory separation allows segregated stimulus presentation. The utricle and saccule, both gravistatic sensing organs, align perpendicular to each other and reside in two distinct recesses separated by the utriculosaccular foramen. This foramen forms 5 days after placodal thickening and separates the inferior and superior halves of the inner ear (Cantos et al., 2000) . In both these developmental steps, non-sensory epithelia form constrictions between the two separate sensory epithelia. Neither the utriculo-saccular foramen nor the ductus reuniens formed in the N-Myc CKO. N-Myc CKOs not only failed to undergo these morphogenetic steps but also had a fusion of the utricular and saccular epithelium with the basal portion of the cochlea ( Fig. 5A   0 and A 00 ). High magnification showed the failure of the utriculo-saccular foramen and ductus reuniens to form and the fusion of the sensory epithelia ( Fig. 5B and B 0 ). In the absence of N-Myc, sensory epithelia were unable to segregate and appropriate nonsensory constrictions did not form suggesting that N-Myc plays a role in both sensory and non-sensory development.
The cochlea extends two turns ( Fig.  5A and C) to provide a tonotopic map ranging between 10-90% of the cochlea from 7-61 kHz (Muller et al., 2005) . N-Myc CKOs did not have the full cochlear extension and had a truncated apex with an unusual coil near the apical tip that contained MYO7A-positive cells (Fig. 5C 0 and C 00 ). Neither the hearing range nor the frequency distribution in our mutants is known. , and most poorly so in the apex (C, D). In contrast, despite the lack of a horizontal canal, the canal crista appears normal, including hair cells (E). TSLIM imaging allows well-registered cross-sections of the whole inner ear (F, G). The helicotrema and organ of Corti is compared to the N-Myc CKO (F 0 , G 0 ). Notably, the helicotrema in the WT is matched with the circularized apex in the mutant while the organized organ of Corti of the WT in the base is matched with the degenerated base of the N-Myc CKO (F 00 , G 00 ). The mutant middle turn (G 000 ) is most similar histologically to that of the WT (F 000 ) compared to the apex or base as shown by both plastic sections and TSLIM. Dashed circles correspond to magnified regions below. SV, scala vestibui; SM, scala media; ST, scala tympani. Scale bars in A-E ¼ 10 mm. Fig. 4 . Neural path-finding is dependent in part on N-Myc Lipophilic dyes placed in the cochlear nucleus and cerebellum allow for fluorescent visualization of cochlear and vestibular afferents, respectively. Dye placement in rhombomere 4 allows for efferent labeling. Dye tracing imaged by confocal microscopy shows several innervation defects in the inner ear of N-Myc CKO mice compared to WT (A-A 00 ). Normally, the vestibular ganglion receives inputs from the vestibular epithelia and the cochlear (spiral) ganglion receives innervations from the cochlear hair cells (WT control). In the N-Myc CKO, there are cross-innervations between vestibular and cochlear fibers with opposing sensory epithelia. The vestibular ganglion innervates not only vestibular epithelia, but also portions of the cochlea. Likewise, the cochlear fibers are innervating portions of the saccule (B). Additionally, an ectopic patch of hair cells near the base of the cochlea is innervated with what appears to be vestibular fibers (B 0 with inset). Furthermore, the malformed apex shows pathfinding defects of fibers (B and E with MYO7A insert). These patterning defects were supported by osmium tetroxide (OsO 4 ) staining and further show that innervation to the posterior canal is absent (C, C 0 ). Innervation to the horizontal canal crista remains in the absence of a horizontal canal in the Pax2-Cre N-Myc CKO (C 0 and D). Innervation to the anterior and horizontal canal cristae remain in the Foxg1-Cre N-Myc CKO despite the absence of all three canals (D 0 ). Lastly, cross-innervations are seen in the Foxg1-Cre N-Myc CKO at P0 as well. Merged innervations patterning of cochlear and vestibular fibers labeled from the cochlear nucleus and cerebellum, respectively, show cross-innervations to both the saccule and base of the cochlea. In summary, N-Myc CKOs lack innervation to the posterior canal, have cross-innervations to both the saccule and base of the cochlea, and have an abnormal apical innervation that is both disorganized and reduced. AC, anterior canal crista; Co, cochlea; G, ganglion; HC, horizontal canal crista; PC, posterior canal crista; S, saccule; U, utricle. Scale bars ¼ 100 mm.
Two other obvious defects were found in the cochlea. Near the base, an ectopic patch of hair cells stained MYO7A-positive (circled in Fig. 5C 0 ). These hair cells were not in the same plane as the organ of Corti and were innervated by what appeared to be vestibular fibers labeled from the cerebellum (Fig. 4B 0 inset). Additionally, up to 22 rows of hair cells were noted at the apex (Fig. 5C 00 and D). This shows that although morphologically abnormal, a P7 apex stained positive for both MYO7A (a marker of hair cells) and b-TUBULIN (a marker for neuronal processes) (Fig. 5D 00 ). This is important to note given the observation of a histologically abnormal organ of Corti in adults. Lastly, Foxg1-Cre CKOs lacked all three non-sensory canals but retained the canal cristae (Fig. 4D 0 ). To our knowledge, this is the first mutant in which all three canal cristae form near normal without partial or complete non-sensory canal formation. Using in situ hybridization, we detected the presence of C-Myc, L-Myc and N-Myc mRNA in the inner ear. NMyc was ubiquitously expressed in both E10.5 (Fig. 6A ) and E11.5 (Fig.  6B) WT ears. N-Myc became restricted to prosensory domains by E12.5 (Fig.  6C) where it formed a base-to-apex gradient (Fig. 6C  0 ) . It was strongly expressed in the vestibular system, including the utricle and saccule (Fig.  6C 00 ). N-Myc was expressed until E13.5 in the semicircular canal cristae but might persist in the ventral half of the ear (Fig. 6D and D 0 ). At E14.5, N-Myc was expressed in the entire cochlea as well as the saccule and some non-sensory epithelia such as the ductus reuniens ( Fig. 6E-E 00 inset) while LMyc was expressed in all sensory epithelia, including strong expression in the semicircular canal cristae (Fig. F-F 000 ). N-Myc and L-Myc were thus coexpressed in the saccule and cochlea (Fig. 6E 00 and F 00 ). Both L-Myc and NMyc were expressed in the inner ear embryonically (Fig. 6E and F) while C- Myc was not expressed in the embryonic inner ear (Fig. 6G ) as previously reported (Romand et al., 1994) . Patterns of expressions during development differed from those at P0. At P0, L-Myc and N-Myc were expressed strongly in all sensory epithelia (Fig.  6H-I 0 ) including the organ of Corti (Fig. 6H 0 and I 0 with inset), C-Myc expression was only seen in the basal portions of the cochlea (Fig. 6J and J 0 ). Interestingly, this expression was found in differentiated hair cells instead of areas of known proliferation. A summary diagram illustrates where the Mycs were expressed between E10.5 and P0 (Fig. 6O-T) . C-Myc, LMyc, and N-Myc were all expressed differentially in the brain (Fig. 6K-M) . To determine the success of our N-Myc CKO, we investigated the N-Myc expression after recombination in the brain at E14.5 with Pax2-Cre, N-Myc was not detected in the inferior colliculus, rhombic lip, or cochlear nucleus (Fig. 6N ) and the ear, indicating appropriate recombination in areas of known 
All Members of the
Summary of N-Myc CKO Defects
N-Myc CKOs had a smaller inner ear compared to matched controls. This decrease in size is likely the result of early changes in the cell cycle length leading to defects such as a fused saccule, utricle, and cochlea, an abnormal (and shortened) apex, and a lack of either a horizontal canal (Pax2-Cre N-Myc CKO) or all three semicircular canals (Foxg1-Cre N-Myc CKO) without disrupting the canal cristae. There were up to 22 rows of hair cells near the apex in the neonate (and four to five rows of hair cells elsewhere), and an apparent loss of hair cells throughout the cochlea in the adult. Additionally, N-Myc was important in neuronal path-finding as NMyc CKOs had vestibular fibers innervating the cochlea and cochlear fibers innervating the saccule. The posterior canal was uninnervated but an ectopic patch of MYO7A-positive cells near the base of the cochlea possibly received vestibular nerve fibers. All three Mycs were expressed in differentiated hair cells at P0 but only LMyc and N-Myc were expressed during development in proliferating cells. In portions of the cochlea, saccule, and utricle, there was co-expression of both L-Myc and N-Myc.
DISCUSSION
Aside from its implications in development and cancer, understanding the Myc bHLH transcription factor family may help elucidate its continued importance in stem cell biology (Takahashi and Yamanaka, 2006; Beisel et al., 2008; Yamanaka, 2008; Boland et al., 2009) , which has recently made progress in the development of hair cells in vitro (Oshima et al., 2010) . N-Myc is a critical hub in controlling the cell cycle and, as such, is highly integrated among a number of upstream as well as downstream pathways (Supp. Fig. S1A and 1B ). Many mouse knockouts of genes that interact with Myc family members (see Supp. Fig.  S1B , asterisks, which is available online) show phenotypes reminiscent of what we and others have described (Table 3) . N-Myc has not been thoroughly studied in these knockouts nor has analysis of these various genes been studied in the N-Myc CKO. Despite this, the observed phenotypes of both our N-Myc CKO in comparison to mutations of other genes in interactive pathways, allows us to speculate on some of the interactions and possible mechanisms through which N-MYC might act.
Mycs Are Co-Expressed in the Ear and May Play Redundant Functions
The Mycs share the same DNA target sequences (Henriksson and Luscher, 1996; Dang et al., 1999; Grandori et al., 2000; Gostissa et al., 2009 ) and genetic studies swapping C-Myc coding exon with the N-Myc gene (Malynn et al., 2000) have suggested high levels of functional redundancy. We are in the process of looking at the effects that L-Myc CKO and L-Myc/ N-Myc double CKO have in the ear
. Ideally, we have to look at the binding partner of the MYCs, MAX. MAX null mice are embryonic lethal (Shen-Li et al., 2000) . A conditional knockout of MAX would allow for complete analysis of the effects of all MYC proteins in the ear and several laboratories are in the process of generating such a mouse.
Non-Sensory Constrictions Did Not Form in the Absence of N-Myc Suggesting a Possible Cooperation Between N-Myc and Otx1 and Lmx1a
In the absence of proper molecular signals, sensory specifications will not Fig. 6 . Myc expression in both embryonic and postnatal mouse inner ear sensory epithelia. N-Myc is expressed ubiquitously in the ear at E10.5 (A) and E11.5 (B). Beginning at E12.5, N-Myc expression is restricted to all sensory epithelia (C) including the cochlea (C 0 ), utricle, and saccule (C 00 ). At E13.5, N-Myc expression is also seen in the canal cristae (D, D 0 ). At E14.5, N-Myc is expressed strongly in the cochlea (E-E 00 ) as well as the saccule and the ductus reuniens (see inset in E 00 ) while L-Myc is expressed strongly in all sensory epithelia in the inner ear (F-F 000 ). Notably, they appear co-expressed in the cochlea and saccule at this stage. C-Myc is not detected at E14.5 (G). All three Mycs are detected in WT ears at P0 in sensory epithelia. N-Myc and L-myc are detected by in situ hybridization in the organ of Corti as well as the saccule, utricle, and canal cristae (H-I 0 ). C-Myc is barely detectable in portions of the cochlea but absent elsewhere in the inner ear (J, J 0 ). Interestingly, the presence of Mycs at P0 does not correlate to areas of proliferation. Rather, the Mycs are expressed in differentiated cells such as shown in the cochlea (inserts on H 0 and I 0 ) and horizontal canal crista (inserts on H and I). It appears that the Mycs play a different role in maturation and early development. All three Mycs are expressed selectively in the brain (K-N). Furthermore, expression of N-Myc is drastically reduced in the Pax2-Cre CKO in the rhombic lip (RL), inferior colliculus (IC), and cochlear nucleus (CN) in E14.5 mice (J). A summary of Myc expression is shown (O-T). Note that at E12.5 and E14.5, no C-Myc expression was detected whereas at E12.5, L-Myc ISH was not performed. AC, anterior canal crista; C/Co, cochlea; DR, ductus reuniens; HC, horizontal canal crista; PC, posterior canal crista; S, saccule; U, utricle. Scale bars:
occur (Fritzsch et al., 2001 Daudet and Lewis, 2005; Nichols et al., 2008) . Both Lmx1a (Nichols et al., 2008; Hwang et al., 2009 ) and Otx1 (Morsli et al., 1999; Fritzsch et al., 2001 ) are important in the formation of the utriculo-saccular foramen and the ductus reuniens. Both form from non-sensory constrictions. Lmx1a and Otx1 null mice do not form these constrictions and, therefore, there is a lack of segregation of the epithelia in these mutants similar to the lack of separation between the utricle, saccule, and cochlea that is present in the N-Myc CKO (Table 3) . Lmx1a and Otx1 have no known oncogene function and Lmx1a is restricted to non-sensory epithelia, yet reduced levels of N-Myc provided a convergence of phenotype with the Otx1 and Lmx1a null, suggesting a convergence or cooperation between these genes or their signaling pathways.
In the N-Myc CKO, the non-sensory compartment was not capable of forming the ductus reuniens or utriculosaccular foramen closely akin to data on Lmx1a null mice (Nichols et al., 2008; Koo et al., 2009) . It is possible that N-Myc is essential for the proliferation in the non-sensory compartment. Thus, the non-sensory tissue would not be able to proliferate sufficiently to respond to molecular cues to expand a duct or to form the constrictions. As such, reducing levels of N-Myc would have no effect on the expression of Lmx1a or Otx1. Furthermore, ISH shows that N-Myc is expressed in the presumptive utriculo-saccular foramen and ductus reuniens (Fig.  6E 00 insert). Thus, the topology of NMyc expression in the WT correlates with defects in the mutant. Similarity of Lmx1a, Otx1, and NMyc phenotype would reflect convergence through non-identical processes.
An alternative explanation would be to suggest a direct molecular interaction between N-Myc, Lmx1a, and Otx1. Otx2 regulates Fgf10 (an upstream activator of N-Myc) expression in the otic placode of chicken (Bok et al., 2005; Miyazaki et al., 2006) and a link between increased levels of Otx2 and N-Myc was shown in meduloblastomas, suggesting that Otx2 and N-Myc may form a feedback loop (Adamson et al., 2010) . Otx2 is found in the cochlea while Otx1 is present in the vestibular epithelia (Morsli et al., 1999) and while there appears to be a possible connection between Otx2 and N-Myc, the interaction between Otx1 and N-Myc remains unstudied. We are looking into this interaction with Otx À/À Pax2-Cre N-Myc f/f double null mice.
N-Myc May Act as a ProtoOncogene and as a Node for Proliferation Control
N-Myc appears to be important for proliferation and growth of the organ of Corti (Fig. 2) . In the absence of NMyc, the growth of the organ of Corti is reduced proportional to reduced numbers of organ of Corti cells that exit the cell cycle and presumptive cochlear hair cells that enter terminal mitosis progressively from apex to base. Our EdU studies show that the number of cells positive for EdU after 48 hr (and thus that had very likely exited the cell cycle at E12.5) are reduced in the N-Myc CKO compared to the control littermate. Longer time delays are needed as used by others to conclusively show that all cells positive for EdU at E14.5 have terminally exited the cell cycle at E12.5. Additionally, we are unable to directly quantify the change in length of the cell cycle in N-Myc CKOs. What one can conclude is that cells positive for EdU either exited the cell cycle shortly after administration of EdU or these cells have undergone a limited number of additional mitoses. Further experiments are needed to fully quantify the change of the cell cycle in N-Myc CKOs. Alternative hypotheses other than a reduction in proliferation due to the loss of N-Myc could include a differential increase in proliferation (only some EdU cells would quickly dilute out EdU, resulting in less EdU-positive cells) or increased cell death (otherwise EdUpositive cells undergo premature/ increased apoptosis and results in less EdU-positive cells). These alternative explanations are more complicated compared to our conclusion that NMyc CKO have a reduction in proliferation, which is in agreement with other work regarding the cell cycle exit of hair cells (Ruben, 1967; Matei et al., 2005; Lee et al., 2006) , other work on the effects of N-MYC on the cell cycle (Kenney et al., 2003; Pession et al., 2004; Okubo et al., 2005) and recent studies suggesting the impact of proliferation on overall cochlear growth (Grimsley-Myers et al., 2009) whereas the influence of cell death has recently been shown to be negligible in this early stage even in the complete absence of hair cell differentiation (Pan et al., 2010a; Fritzsch et al., 2011) . N-Myc, like most proto-oncogenes, drives proliferation through its direct and indirect interactions with pRB (Supp. Fig. S1A and B) . N-Myc CKO show a dramatic reduction in size in all areas where Cre is expressed ( Fig. 1 and Table 1 ). When N-MYC protein levels are reduced or are absent, downstream effectors are likely reduced (Supp. Fig. S1C ). This may truncate overall proliferation to reduce the overall size of the ear (Fig.  1 and Supp. Fig. S1C-C 00 ). Our system shows what is observed when N-Myc is knocked out and the downstream effects that occur. However, in order to fully understand proliferation acting through N-Myc, we must look upstream of N-MYC and factors known to act through Myc.
A number of proto-oncogenes are thought to act upstream of, or in combination with, N-Myc (Supp. Fig. S1B ). If these genes act through N-Myc in the ear as they do elsewhere in the body, then we would expect the N-Myc CKO phenotype to be representative of these previously described mutants. Knockouts of Foxg1 [an upstream gene to N-Myc and coincident in meduloblastoma (Pauley et al., 2006; Adesina et al., 2007) ], Chd7 [implicated with NMyc as effectors in CHARGE syndrome (Genevieve et al., 2007; Hurd et al., 2010) ], and Fgf10 [upstream activator of Myc and part of the Wnt pathway (Pauley et al., 2003; Rash and Grove, 2007) ] each reduce overall proliferation resulting in a truncated cochlea and histologic alterations in hair cells corresponding to N-Myc CKO (Table 3) . Hence, reducing an upstream activator of N-Myc curtails overall proliferative capacity of the system and shows that N-Myc, at minimum, integrates the upstream signals in the ear from other proto-oncogenes to likely regulate the intrinsic cell cycle control of pRB.
N-Myc CKOs Cause Cochlear Truncation and Extra Rows of Hair Cells in the Apex Likely by Forcing Hair Cell Precursors Out of the Cell Cycle Prematurely
The cochlea is thought to elongate by convergent extension (CE) that links proliferation with the post-mitotic differentiation and movements of cells. During CE, a thinning of the sensory epithelia occurs as the cochlea is elongated (Chen et al., 2002) . Defects in CE are thought to result in a reduced cochlear elongation (Chen et al., 2008) resulting in a truncated cochlea that may contain excess hair cells with or without polarity defects due to cochlear immaturity. In Foxg1, Ngn1, Wnt5a (Table 3) , Vangl2, and the Dvl1/2 mutants, disruptions to convergent extension resulted in shortened cochleae, an apex containing extra rows of hair cells, and hair cell polarity defects Montcouquiol et al., 2006; Qian et al., 2007) . The Jackson Waltzer mutant (Jxc1) has a shortened cochlea as well as polarity defects, but only at its apex (Chen et al., 2008) (Table 3 ). In general, the apex is differentially affected in terms of additional hair cells, disorganization, and truncation (Chen et al., 2008) .
The propensity for apical disorganization and immaturity is possibly linked to early exit from the cell cycle and an extended period of time until expression of proper differentiation cues. The Jag1 CKO, known to have a reduction in the cell cycle inhibitor p27 Kip1 (a protein that is inhibited by N-Myc) (Brooker et al., 2006; Kiernan et al., 2006; Pan et al., 2010b) , indicates that by altering the cell cycle, CE is affected and the cochlea develops abnormally (Table 3) . Exit from the cell cycle is dependent on levels of proto-oncogene and tumor suppressor. The apex is the first portion of the cochlea to exit the cell cycle at E12.5 and is the last to differentiate. The apex has the longest ''waiting'' period of quiescence between cell cycle exit and onset of Atoh1-mediated differentiation. In mutants that curtail proliferation, i.e., Dll1, Foxg1, Neurog1, and N-Myc CKOs, we notice an increased susceptibility of cells at the apex to be abnormal, which is possibly due to an even earlier exit from the cell cycle (presumably due to reduced proto-oncogene levels) and the resulting extended period of time until differentiation Brooker et al., 2006) (Table 3 ). Thus, it is possible that the N-Myc CKO cochlear phenotype is directly related to N-MYC's function as a proto-oncogene and N-MYC's control of the cell cycle. While at this time we are unable to conclusively prove that NMyc CKOs have a reduction in the proliferating sensory precursors, our data and the data of others suggest that by knocking out N-Myc, precursor populations exit cell cycle prematurely, and, as a result, are unable to reach the nominal number of cochlear duct cells, and the cochlea is thus proportionally shortened.
N-Myc CKO Organ of Corti Was Severely Disrupted
N-Myc CKO has both an increase in hair cells towards the apex as well as the abnormal organ of Corti formation noted above. It appears that the absence of N-Myc results in a shortened cochlea (possibly due to changes in the proliferation) and the reduced extension and coiling at the apex may be in part related to this. In addition, hair cells appear to be lost in adults in the cochlea, but not the vestibular sensory epithelia. Therefore, Mycs play a role in either the proper development of hair cells, the long-term maintenance of the hair cells, or both.
Our ISH data show that the Mycs are expressed to at least P0 in differentiated hair cells suggesting that they may play a role beyond proliferation. In the N-Myc CKO, hair cells appear normal until P7 but by P18 the organ of Corti is disrupted and by 6 weeks of age, the organ of Corti is entirely abnormal, missing nearly all recognizable hair cells. This, combined with the fact that N-Myc regulates a number of microRNAs that inhibit apoptosis (Mott et al., 2010) may suggest that the Mycs play a role in the stability and long-term retention of hair cells.
N-Myc Is Important in Neuronal Path-Finding and May Be Linked With Neurotrophic Regulation
Inferior vestibular ganglion neurons delaminate and project to the posterior canal crista and saccule under the guidance of BDNF . There is no cross-innervation between vestibular neurons and cochlear epithelia unless a neurotrophin is misexpressed. Our N-Myc CKO show cross-innervation of saccule and basal turn of the cochlea, a complete lack of innervation of the posterior canal, innervation of an ectopic patch of hair cells near the base of the cochlea, and disorganized innervation of the apex. It is possible that posterior canal fibers from the inferior vestibular ganglion project to the base of the cochlea. N-Myc CKO misexpression of BDNF possibly related to the cross-innervation patterning remains to be shown.
N-Myc has been associated with altered levels of BDNF in neuroblastomas (Edsjo et al., 2004; Nakamura et al., 2006) as well as interacting with FGFR2 to regulate levels of NTF-3 (Hossain et al., 2008) . BDNF misexpression has been shown to disrupt neuronal path-finding Hossain et al., 2008; Feng et al., 2010; Hoshino et al., 2010) but a direct correlation with Myc and the expression of neurotrophic factors has not been studied in the ear. Our lab is currently working with Bdnf and Ntf-3 transgenic mice to better understand the effects of altering neurotrophin expression on neuronal path-finding beyond what is already known . Logically, N-Myc CKO must be studied for Bdnf and Ntf-3 expression profiles.
Conclusions
N-Myc and other members of the Myc family have long been implicated in a number of human diseases. All three Mycs (C-Myc, L-Myc, N-Myc) are correlated with tumor formation (Albihn et al., 2010) . N-Myc expression is increased in neuroblastomas (Lasorella et al., 2000 (Lasorella et al., , 2002 Rothschild et al., 2006) . A number of genes known to be related to N-Myc are affected in humans as parts of the VACTERL syndrome. N-Myc (Feingold syndrome), Chd7 (CHARGE syndrome), Gli3 (Pallister-Hall), and Sox2 are all genes implicated in the group of birth defects, which include vertebral, anal, cardiac, esophageal (TE fistulas), renal, and kidney malformations. These mutants also have ear defects and need to be analyzed for the expression changes in L-Myc and N-Myc.
N-Myc acts in a complex and integrated manner to control the highly conserved pRB/E2F cell cycle regulator. Conditional knockouts of N-Myc allow for the analysis of N-Myc in the development of the inner ear. N-Myc CKOs have highlighted the possible interaction of a number of pathways as well as provided an ample foundation for continued exploration of cell cycle regulation, tumorigenesis, stem cell therapy, and inner ear development. N-Myc CKOs must be analyzed for the expression levels of possible interactors (Table 3 and Supp. Fig.  S1 ) through both ISH and qRT-PCR. We conclude that N-Myc acts as a nodal point and regulates the growth of the ear as a whole as well as differentially regulating certain sensory and non-sensory components. N-Myc is also essential to the proper 3D formation of the ear due to its interactions with not only cell proliferative factors but also cell differentiation cues. Lastly, N-Myc is necessary for sensory neuron pathfinding.
EXPERIMENTAL PROCEDURES
Mice and Genotyping N-Myc null mice are embryonic lethal (Knoepfler et al., 2002) . To study postnatal time points, two conditional lines were generated by crossing Foxg1-Cre (Ohyama and Groves, 2004) were crossed with N-Mycf/f. Both lines are viable; however, they appear to have an increased postnatal mortality rate. Pax2-Cre expressed in the inner ear, cerebellum, and kidney, as well as Foxg1-Cre, expressed in the inner ear and forebrain, have allowed later embryonic and postnatal analysis (including an ongoing behavioral analysis) of N-Mycas our CKOs have survived for over 8 months. While CKO mice looked morphologically normal, they were stunted in growth and displayed circling behavior and disorientation. Tail biopsies were used for genomic DNA and polymerase chain reaction for genotyping using the following primers (N 
Perfusion
Pups were injected intraperitoneally with 0.025 mL/g of the anesthetic Tribromoethanol (AvertinV R ) and after a surgical level of anesthesia was induced, as assessed by ocular and pedal reflexes, 4% paraformaldehyde (PFA) was pumped continuously with a 30-gauge needle into the left ventricle until blood emptied and peripheral veins appeared clear. The right ventricle was opened to facilitate clearing. After fixation, heads were hemidissected and placed in 4% PFA for long-term storage.
Thin-Sheet Laser Imaging Microscopy (TSLIM)
Fixed 6-week-old Pax2-Cre N-Myc CKO and control littermate ears were dissected from the skull. Ears were decalcified with 10% EDTA for 3 days and the solution was changed daily. Decalcified ears were dehydrated in a graded ascending ethanol series and cleared with Spalteholz solution (5:3 methyl salicylate: benzyl benzoate). Specimens were stained in Rhodamine B isothiocyanate (1 mg/200 mL in Spalteholz for one day) by immersion and imaged with TSLIM at the University of Minnesota (Santi et al., 2009) . Whole inner ears were nondestructively serially sectioned in a mid-modiolar plane at 5-mm thickness. A complete Z-stack of optical sections containing the full dimension of the inner ear resulted in 270 wellregistered images using a Retiga 2000 digital camera on TSLIM. Image voxel size was 1.5 Â 1.5 Â 5 mm. Images were adjusted for brightness and contrast and saved as .tif files.
3D Reconstruction
The Z-stack for each inner ear was loaded into Amira ver. 5.2 (Visage Imaging, San Diego, CA) for 3D reconstruction of inner ear structures. In order to isolate different inner ear structures and compute their morphometric parameters, a process called segmentation was used. Using Amira's semi-automated tools, the borders of each structure of interest were outlined in a different color in every section of the stack. We defined the scala media to include the endolymphatic space within the scala but it did not include the tectorial membrane or the inner sulcus. After segmentation, Amira provided isosurface volume reconstructions of individual inner ear structures as well as an estimate of their volume based on voxel size. Structure centroids were determined by the centerline tree module in Amira. To compute the spiral length of each structure, a smooth B-spline curve fit was computed from each structure's centroid.
Plastic Sectioning
Dissected ears were incubated overnight with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) and were fixed in 1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.4) for approximately 1 hr or until nerve fibers were dark. Samples were imaged with Nikon Eclipse 800 or dehydrated with an ethanol and propylene oxide mixture. Sections were orientated and embedded with epoxy resin and placed in an incubator for 2 days at 60 C. Ears were sectioned at 2 mm with an Ultratome (Ultracut, Leica, Bannockburn, IL), stained with Stevenel's Blue for 1 min and imaged (Nichols et al., 2008) . Briefly, sections were retrieved from a water bath and placed on heated slides in sequential order. They were allowed to bake onto the glass slide and stained for 1 min with Stevenel's Blue. Stained slides were rinsed with distilled water and allowed to dry before imaging. Chosen sections were coverslipped using DMX mounting solution and allowed to dry overnight. Samples were imaged with Nikon Eclipse 800 microscope and captured with Image-Pro.
Lipophilic Dye Tracing
Flattened pieces of filter paper soaked in lipophilic dye were inserted in the cochlear nucleus, rhombomere 4, or cerebellum of hemisected heads . The dye was allowed to diffuse for 3 days at 60 C in 4% PFA. Imaging by confocal microscopy was performed shortly after filter paper removal to prevent transcellular diffusion. Embryos were mounted on a slide in glycerol and images were captured with a Leica TCS SPE confocal microscope or TCS SP5 multiphoton confocal microscope.
Immunochemistry
Ears were dissected in 0.4% PFA and defatted overnight in 70% ethanol. They were removed from ethanol and blocked for 2 hr in blocking solution (5% normal goat serum [NGS] , 0.1% Triton X-100, in PBS). The following primary antibodies were diluted in the blocking solution at the given dilution ratio (primary antibody: blocking solution) and incubated for 3 days at room temperature. MYO7A (1:200) (Proteus Biosciences, Ramona, CA; 25-6790), LECTIN (GS IB 4 ) Isoconjugated (1:400) (Santa Cruz Biotechnology, Santa Cruz, CA), and b-TUBULIN (1:800) (Sigma, St. Louis, MO; T7451). Samples were washed with PBS and secondary antibodies were diluted in blocking buffer and incubated for 2 days, covered with aluminum foil, in 4 C. Secondary antibodies were used as follows: Alexa Fluor 532 anti-rabbit (1:400) and Alexa Fluor 633 antimouse (1:400) (both from Sigma). Embryos were mounted on a slide in glycerol and images were captured with a Leica TCS SPE confocal microscope or TCS SP5 multiphoton confocal microscope, as previously described (Pauley et al., 2006; Pan et al., 2009 ).
In Situ Hybridization
Fixed embryos were prepared to avoid RNAse. RNA probes labeled with digoxigenin were N-Myc, L-Myc, CMyc, and Fgf8. The protocol was previously described (Pauley et al., 2006; Pan et al., 2009) . Briefly, ears were dissected in 0.4% PFA, washed and digested with 10 mg/mL Proteinase K (Ambion, Austin, TX). The samples were incubated overnight with riboprobe in 60 C in hybridization solution (50% formamide, 2Â saline sodium citrate, and 6% dextran sulfate). Samples were washed and incubated overnight with anti-digoxigenin antibody (Roche Diagnostics, Mannhein, Germany). Unbound anti-digoxigenin antibody was washed off with PBS and samples were reacted with BM Purple substrate to cause a purple reaction product in places of bound mRNA. Samples were dissected, mounted, and imaged with Nikon Eclipse 800 microscope and captured with Image-Pro.
Hair Cell Quantification
Using Leica TCS SPE confocal microscope or TCS SP5 multiphoton confocal microscope, stacks of MYO7A IHC ears were taken. For length measurements, LAS AF Lite software measurement tools were used on collapsed Z-stacks. For cochlear hair cell quantification, inner and outer hair cells positive for MYO7A were manually counted after collapsing the Z-stack. For canal cristae hair cells counts, a Z-stack was taken in 6-mm steps (about the size of a hair cell nucleus). Hair cells were manually counted and great effort was taken to avoid double counting.
EdU Staining
Pregnant dams were injected intraperitoneally with 80 mg EdU/g mouse. After 48 hr, the mothers were sacrificed and pups were fixed and stored in 4% PFA. Dissected ears were then reacted with Click-iT reaction cocktail according to the manufacturer's instructions (Invitrogen C35002, Carlsbad, CA). The ears were imaged using TCS SP5 multiphoton confocal microscope.
